Introduction
============

Breast cancer has become a leading cause of cancer-associated mortality in the world, and the most common cancer among women ([@b1-ijo-53-03-1013]). The majority of these mortalities are caused by distant metastasis and resistance to the currently available therapeutics ([@b2-ijo-53-03-1013]). An estimated 15-20% of patients with breast cancer exhibit overexpression of human epidermal growth factor receptor 2 (HER2), leading to a poorer prognosis and survival ([@b3-ijo-53-03-1013],[@b4-ijo-53-03-1013]). At present, therapy with anti-HER2 mono-antibodies, including trastuzumab, is applied to treat patients with HER2-positive breast cancer ([@b5-ijo-53-03-1013],[@b6-ijo-53-03-1013]). Trastuzumab is designed to target HER2 and silence its function, and is primarily used for early stage or metastatic gastric and breast cancer with positive HER2 mutations. Trastuzumab may be effective for initial treatment, although resistance increases substantially following a period of exposure. In addition, there is a clear need for useful therapeutic biomarkers that may be used for predicting chemoresponses to treatment with trastuzumab ([@b7-ijo-53-03-1013]). Therefore, there is an urgent necessity to reveal the mechanism of trastuzumab resistance and identify useful molecular markers and therapeutic targets for patients with breast cancer.

With the advanced development of whole genome and transcriptome sequencing technologies and the ENCODE project ([@b8-ijo-53-03-1013]), researchers have drawn the conclusion that the majority of genomic DNA is represented in processed transcripts that may not be translated into functional proteins, namely non-coding RNAs (ncRNAs) ([@b9-ijo-53-03-1013]). Long ncRNAs (lncRNAs) are an important group of ncRNAs that contain \>200 nucleotides ([@b10-ijo-53-03-1013]). During recent years, numerous reports have demonstrated that lncRNAs may serve as critical biological regulators in the functions of cellular and molecular signaling pathways; for example, they may exert their important functional roles at the post-transcriptional level by sponging microRNAs ([@b11-ijo-53-03-1013]), and mediate transcriptional regulation via chromatin modification ([@b12-ijo-53-03-1013],[@b13-ijo-53-03-1013]).

Exosomes have attracted considerable attention in the field of biomarker discovery. The release of exosomes into the extracellular space affords an opportunity to exchange cellular contents, membranes, proteins and gene fragments ([@b14-ijo-53-03-1013]). Exosomes are membrane-derived vesicles and have a size range of 20-200 nm when released into bodily fluids, including blood, urine and malignant ascites. These vesicles contain DNA, protein fragments, and coding or ncRNAs secreted by their parental cell cytoplasm, and may be absorbed into recipient cells ([@b15-ijo-53-03-1013]). A recent study indicated that the exosomes from chemosensitive/resistant cells were able to markedly influence the chemoresponse of recipient cells through the transfer of specific genes, including lncRNAs ([@b16-ijo-53-03-1013]). However, this conclusion requires further validation. Most importantly, exosomes contain genes and proteins, reflecting the features of cancer cells, which may facilitate the development of highly sensitive diagnostic strategies for monitoring the therapeutic response conditions of cancer in a rapid and non-invasive manner ([@b17-ijo-53-03-1013]).

The present study determined the roles of exosome-transmitted lncRNAs on trastuzumab resistance, and further investigated the therapeutic options for patients with trastuzumab-resistant breast cancer. The present verified the involvement of the lncRNA-small nucleolar RNA host gene 14 (SNHG14) in the mediation of trastuzumab responses via tumor cell extracellular exosomes. The results indicated that exosomal SNHG14 may be a novel biomarker for breast cancer treatment and monitoring.

Materials and methods
=====================

Clinical samples
----------------

In total, 72 serum samples were collected from patients with advanced ER2^+^ breast cancer \[male/female ratio, 0/72; age range, 35-68 years (median age, 55 years)\] who received treatment with trastuzumab at Hainan General Hospital (Haikou, China) between January 2013 and June 2017. Samples of 5 ml venous blood from each participant were collected by venipuncture prior to starting chemotherapy. Serum was segregated via centrifugation at 1,600 x g for 10 min at room temperature within 2 h following collection, followed by a second centrifugation at 12,000 x g for 10 min at 4°C to remove the residual cells debris. Each serum supernatant was transferred into RNase-free tubes and stored at −80°C until use. Tumor response was confirmed through computed tomography and evaluated according to the Response Evaluation Criteria In Solid Tumors (RECIST; version 1.1) ([@b18-ijo-53-03-1013]) as complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD). All the patients were pathologically confirmed and the clinical tissue samples were collected prior to the commencement of chemotherapy at Hainan General Hospital. Patients with other types of cancer, breast benign disease and autoimmune diseases were excluded. Written informed consent was obtained from each participant prior to blood collection. The study protocol was approved by the Clinical Research Ethics Committee of Hainan General Hospital.

Cell culture
------------

The human breast cancer cell lines SKBR-3 and BT474, which harbor HER2 activating mutations, were purchased from the Chinese Type Culture Collection, Chinese Academy of Sciences (Shanghai, China). The two cell lines were cultured in RPMI-1640 medium (BioWhittaker; Lonza Group, Ltd., Basel, Switzerland) supplemented with 10 mM HEPES, 1 mM L-glutamine, 100 U/ml penicillin/streptomycin (BioWhittaker; Lonza Group, Ltd.) and heat-inactivated 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), at 37°C in a humidified incubator with 5% CO~2~. Trastuzumab (Herceptin) was obtained from Roche Diagnostics (Basel, Switzerland) and dissolved in sterile water. Trastuzumab-resistant SKBR-3/Tr and BT474/Tr cells were obtained via continuous culture with 5 mg/ml trastuzumab for 6 months, as previously reported ([@b19-ijo-53-03-1013],[@b20-ijo-53-03-1013]), and were cultured in RPMI-1640 medium with 250 *μ*g/ml trastuzumab.

Cell invasion assay
-------------------

Cell invasion ability was tested using a Matrigel Transwell assay. A total of 100 *μ*l Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was first added onto the bottom of the Transwell chamber (24-well insert; 8-mm pore size; Corning Incorporated, Corning, NY, USA), and 1×10^5^ breast cancer cells in reduced serum medium (5% serum; Opti-MEM; Gibco, Thermo Fisher Scientific, Inc.) were placed on the coated membrane in the chamber. Cells that migrated through the permeable membrane were fixed in methanol for 20 min at room temperature, stained with crystal violet for 5 min at room temperature, and counted under a microscope at ×20 magnification (DMI4000B; Leica Microsystems GmbH, Wetzlar, Germany) in random fields in each well.

Exosome isolation and labelling
-------------------------------

Exosomes were extracted from breast cancer cell culture medium or serum samples using an ExoQuick precipitation kit (System Biosciences, LLC, Palo Alto, CA, USA), according to the manufacturer\'s protocol. The culture medium or serum was thawed on ice and centrifuged at 3,000 x g for 15 min (4°C) to remove cells and cell debris. Subsequently, 250 *μ*l supernatant was mixed with 63 *μ*l ExoQuick precipitation kit and incubated at 4°C for 30 min following a brief up-and-down mix, followed by centrifugation at 1,500 × g for 30 min (4°C). The supernatant was removed via careful aspiration, followed by a further 5 min of centrifugation at 1,500 × g (4°C) to remove the residual liquid. The exosome-containing pellet was subsequently resuspended in 250 *μ*l PBS. The final pellets, containing exosomes, were collected for characterization and RNA isolation. Purified exosomes were labeled with PKH26 Red Fluorescent Cell Linker kit for General Cell Membrane Labeling (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), according to the manufacturer\'s protocol.

RNA extraction
--------------

Extraction of RNA from exosomes was performed using the commercial miRNeasy Serum/Plasma kit (Qiagen, Inc., Valencia, CA, USA), and RNA extraction from the cell fraction was performed using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. All RNA elution steps were performed at 12,000 × g for 15 sec (4°C), and the RNA was finally eluted in 15 *μ*l RNase-free ultra-pure water.

Transmission electron microscopy
--------------------------------

The exosome pellets were resuspended in 50 *μ*l PBS and a drop of the suspension was placed on a sheet of Parafilm. A carbon-coated copper grid was floated on the drop for 5 min at room temperature. The grid was removed, and the excess liquid was drained by touching the grid edge against a piece of clean filter paper. The grid was subsequently placed onto a drop of 2% phosphotungstic acid at pH 7.0 for \~5 sec, and the excess liquid was drained off. The grid was allowed to dry for 5 min and examined using a JEM-1200 EX microscope (JEOL, Ltd., Tokyo, Japan) with a voltage of 80 keV and a resolution of 0.2 nm.

Nanoparticle tracking analysis (NTA)
------------------------------------

A total of \~0.3 ml supernatant was loaded into the sample chamber of an LM10 Nanosight unit (Nanosight, Ltd., Salisbury, UK) and three videos of either 30 or 60 sec were recorded of each sample. Data analysis was performed using NTA 2.1 software (Nanosight, Ltd.). In NTA, the paths of unlabeled particles (i.e. microvesicles) acting as point scatterers, undergoing Brownian motion in a 0.25 ml chamber through which a 635-nm laser beam is passed, is determined from a video recording, with the mean squared displacement determined for each possible particle. The diffusion coefficient and sphere-equivalent hydrodynamic radius are subsequently determined using the Stokes-Einstein equation, and results are displayed as a particle size distribution ([@b21-ijo-53-03-1013]).

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

RNA was reverse transcribed using SuperScript III^®^ (Invitrogen; Thermo Fisher Scientific, Inc.) and amplified by RT-qPCR based on the TaqMan method using a TaqMan Human RNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) on a Bio-Rad CFX96 Sequence Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The gene expression levels were normalized to GAPDH expression ([@b22-ijo-53-03-1013]). RT-qPCR results were analyzed and expressed relative to quantification cycle values ([@b23-ijo-53-03-1013]), and subsequently converted to fold changes. All the primers were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China), and their sequences were as follows: lncRNA-SNHG14 forward, 5′-GGGTGTTTACGTAGACCAGAACC-3′ and reverse, 5′-CTTCCAAAAGCCTTCTGCCTTAG-3′; and GAPDH forward, 5′-GAAGGTGAAGGTCGGAGTC-3′ and reverse, 5′-GAAGATGGTGATGGGATTTC-3′. The thermocycling conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.

RNA oligoribonucleotides and cell transfection
----------------------------------------------

The small interfering (si)RNA against lncRNA-SNHG14 was synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The apoptosis regulator Bcl-2 (Bcl-2) inhibitor venetoclax was purchased from Roche Diagnostics. Cells were plated at 5×10^4^ cells/well in 24-well plates \~24 h prior to transfection or treatment. When the cells had reached 30-50% confluence, the cells were treated with venetoclax at 0.5 *μ*M. Transfection was performed using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific), following the manufacturer\'s protocol. Transfection efficiency was evaluated in every experiment by RT-qPCR 24 h subsequently to ensure that the cells were successfully transfected. Functional experiments were performed 48 h post-transfection. The final concentration of the RNA oligoribonucleotides was 100 nM. The sequences of the siRNAs were as follows (5′→3′): si-SNHG14 \#1 sense, GCAAAUGAAAGCUACCAAU and antisense, AUUGGUAGCU UUCAUUUGC; si-SNHG14 \#2 sense, GCACAAUAUCUUUGAACUA and antisense, UAGUUCAAAGAUAUUGUGC; and si-SNHG14 \#3 sense, CUAGAAUCCUAAAGGCAAA and antisense, UUUGCCUUUAGGAUUCUAG. The si-Negative Control_05815 (cat. no. siN05815122147) was obtained from Guangzhou RiboBio Co., Ltd.

Expression profile analysis of lncRNAs
--------------------------------------

RNA expression profiling was performed using an Agilent human lncRNA microarray V.2.0 platform (GPL18109; Agilent Technologies, Inc., Santa Clara, CA, USA). Quantile normalization and subsequent data processing were performed using Agilent Gene Spring Software 11.5 (Agilent Technologies, Inc.). Heat maps representing differentially regulated genes were generated using Cluster 3.0 software (developed by Professor Michiel de Hoon, Center for Computational Biology and Bioinformatics, Columbia University, New York, NY, USA). Following the establishment of a cDNA library by extracting the total RNA from exosomes, hybridization and washing the samples, four breast cancer cell types were analyzed. Exogenous RNAs developed by External RNA Controls Consortium ([@b24-ijo-53-03-1013]) were used as controls. The exosomal lncRNA microarray process was performed by KangChen BioTech Co., Ltd. (Shanghai, China).

Fluorescence in situ hybridization analysis (FISH)
--------------------------------------------------

Nuclear and cytosolic fraction separation was performed using a PARIS kit (Life Technologies; Thermo Fisher Scientific, Inc.), and RNA FISH probes were designed and synthesized by Guangzhou RiboBio Co., Ltd., according to the manufacturer\'s protocol. Cells were fixed in 4% formaldehyde for 15 min at room temperature and subsequently washed with PBS. The fixed cells were treated with pepsin and dehydrated in ethanol. The air-dried cells were incubated further with 40 nM FISH probe in hybridization buffer. Following hybridization, the slide was washed, dehydrated and mounted with Prolong Gold Antifade Reagent with DAPI (Life Technologies; Thermo Fisher Scientific, Inc.) for detection. The slides were visualized for immunofluorescence with a ×40 fluorescence microscope (DMI4000B; Leica Microsystems GmbH).

Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling (TUNEL) assay
------------------------------------------------------------------------------------

TUNEL staining was performed to evaluate cellular apoptosis. Cells were treated with extracted exosomes or combined with 0.5 *μ*M venetoclax for 24 h and fixed using 4% formaldehyde at room temperature for 15 min. Cells were fixed and stained with a TUNEL kit, according to the manufacturer\'s protocol (Vazyme, Piscataway, NJ, USA; TUNEL Bright-Red Apoptosis Detection kit; cat. no. A113). TUNEL-positive cells were counted under a ×20 fluorescence microscopy (DMI4000B; Leica Microsystems GmbH).

Signal transduction reporter array
----------------------------------

Cignal Finder Transduction Reporter Array (Qiagen, Inc.) was used to simultaneously investigate alterations in the activities of 50 canonical signaling pathways in response to treatment with exosomal lncRNA-SNHG14. Cells were treated with SNHG14-overexpressing exosomes for 24 h and were subsequently transfected with a mixture of a transcription factor-responsive firefly luciferase reporter and a constitutively expressing *Renilla* construct using Attractene Transfection Reagent (Qiagen, Inc.). A total of 24 h subsequently, the relative activity of each pathway was determined by firefly luciferase/*Renilla* and normalized to untreated controls. Experiments were performed in triplicate.

Western blotting
----------------

Cell lysates were prepared with radioimmunoprecipitation assay buffer containing protease inhibitors (Sigma-Aldrich; Merck KGaA). Protein concentrations were measured using a Bicinchoninic Acid Protein Assay kit, according to the manufacturer\'s protocol (Beyotime Institute of Biotechnology, Haimen, China). Equal amounts of protein (25 *μ*g) were separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). The membrane was blocked with 5% (5 g/100 ml) non-fat dry milk in TBS with Tween (TBS-T) for 2 h at room temperature. The membranes were incubated overnight at 4°C with a 1:1,000 solution of primary rabbit antibodies: Anti-E-cadherin (Abcam, Cambridge, UK; cat. no. ab15148), anti-β-catenin (Abcam; cat. no. ab16051), anti-vimentin (Abcam; cat. no. ab92547), anti-cluster of differentiation (CD)63 (Abcam; cat. no. ab134045), anti-CD81 (Abcam; cat. no. ab109201), anti-cleaved poly(ADP-ribose) polymerase (PARP; cat. no. 5625; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-cleaved caspase-3 (cat. no. 9664; Cell Signaling Technology, Inc.), anti-apoptosis regulator Bcl-2 (Bcl-2; cat. no. 4223, Cell Signaling Technology, Inc.), anti-apoptosis regulator BAX (Bax; cat. no. 5023; Cell Signaling Technology, Inc.), and anti-β-actin (Abcam; cat. no. ab8227). The horseradish peroxidase-conjugated anti-rabbit antibody (cat. no. 7074; 1:5,000; Cell Signaling Technology, Inc.) was used as secondary antibody for immunostaining for 1 h at room temperature. Densitometry was performed using ImageJ version 1.51r ([@b25-ijo-53-03-1013]).

Statistical analysis
--------------------

The Kolmogorov-Smirnov test was used to determine the normality of the distribution of the data in each group. Count data are described as a frequency and were examined using Fisher\'s exact test. The Mann-Whitney U test or Kruskal-Wallis test (post hoc Mann-Whitney U test with Bonferroni\'s correction) was used for evaluating the differences among clinical cohort groups or cell groups. Receiver operating characteristic (ROC) curves and the area under the curve (AUC) were established to discriminate between patients with breast cancer responding to trastuzumab and those not responding by using MedCalc version 11.4.2.0 software (MedCalc Software bvba, Ostend, Belgium). All statistical analyses were performed with SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Data are presented as the median ± inter-quartile range. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Characterization of trastuzumab-resistant breast cancer cell lines
------------------------------------------------------------------

To investigate the underlying regulatory mechanism of trastuzumab resistance, two trastuzumab-resistant sublines derived from the HER2^+^ parental cell lines SKBR-3 (SKBR-3/Pr) and BT474 (BT474/Pr) were established (SKBR-3/Tr and BT474/Tr, respectively), as described above. As presented in [Fig. 1A](#f1-ijo-53-03-1013){ref-type="fig"}, the trastuzumab-resistant cells exhibited specific morphological alterations consistent with EMT, including the loss of cell polarity causing a spindle-cell morphology, increased intercellular separation signifying the loss of intercellular adhesion, and increased formation of pseudopodia. Western blot analysis demonstrated an increase in EMT-relevant protein expression in trastuzumab-resistant cells compared with parental cells ([Fig. 1B](#f1-ijo-53-03-1013){ref-type="fig"}). Furthermore, SKBR-3/Tr and BT474/Tr cells exhibited elevated cell viability, in contrast to the parental cells, when incubated with culture medium containing 0.25 mg/ml trastuzumab for 48 h ([Fig. 1C](#f1-ijo-53-03-1013){ref-type="fig"}). However, the concentration-effect curve indicated that the half-maximal inhibitory concentration (IC~50~) of trastuzumab (48 h) for SKBR-3/Tr cells was 0.83 mg/ml, while the IC~50~ of trastuzumab in SKBR-3/Pr was 0.29 mg/ml, meaning that the SKBR-3/Tr had 2.86 times the trastuzumab resistance of SKBR-3 parental cells. Similarly, the BT474/Tr cell line had 3.29 times the trastuzumab resistance of BT474 parental cells (IC~50~ values were 0.79 and 0.24 mg/ml, respectively; [Fig. 1D](#f1-ijo-53-03-1013){ref-type="fig"}). More importantly, a significantly increased number of chemoresistant cells were observed to migrate through the collagen membrane compared with parental cells ([Fig. 1E](#f1-ijo-53-03-1013){ref-type="fig"}), indicating an increased cell migratory ability.

Characterization of exosomes secreted from trastuzumab-resistant and -sensitive cells
-------------------------------------------------------------------------------------

Exosomes may be actively secreted from a variety of cell types, including cancer cells. To determine whether exosomes may be secreted from breast cancer cells, and whether the secreted exosomes are able to regulate trastuzumab resistance, SKBR-3/Tr and SKBR-3/Pr parental cells were incubated in exosome-free medium containing exosome-free FBS. As presented in [Fig. 2A](#f2-ijo-53-03-1013){ref-type="fig"}, transmission electron microscopy revealed similar morphological characteristics between the SKBR-3/Tr and SKBR-3/Pr exosomes, with a homogeneous structure. In addition, their size was within the characteristic diameter range of 40-120 nm, with a median diameter of \~100 nm. NTA of the isolated exosomes revealed that the SKBR-3/Tr cells released 2.73 times more exosomes compared with SKBR-3/Pr cells ([Fig. 2B](#f2-ijo-53-03-1013){ref-type="fig"}). The presence of exosome protein markers, including CD63 and CD81, was further confirmed by western blot analysis. The results demonstrated specific bands in isolated exosomal fraction, and not in the whole cell lysate ([Fig. 2C](#f2-ijo-53-03-1013){ref-type="fig"}). Further characterization of the exosomes by flow cytometry for these exosomal markers did not reveal any significant differences between the SKBR-3/Tr and SKBR-3/Pr cell-derived exosomes ([Fig. 2D](#f2-ijo-53-03-1013){ref-type="fig"}), though increased expression of CD9 was noted in SKBR-3/Tr cells, in contrast to SKBR-3/Pr cells, without statistical significance. Taken together, the present data confirmed the release of exosomes from SKBR-3/Tr and SKBR-3/Pr cells, and no protein markers were identified to differentiate between the two sublines.

Microarray profiling for exosomal lncRNAs associated with trastuzumab resistance
--------------------------------------------------------------------------------

Having verified the release of exosomes from trastuzumab-resistant cells, the present study sought to define the specific exosomal lncRNA(s) that may regulate trastuzumab resistance. The trastuzumab resistance-associated exosomal lncRNAs released in the conditioned media in these two chemoresistant cell lines, the and coupled parental cell lines, were characterized by microarray analysis. A total of 126 exosomal lncRNAs were identified to be dysregulated (\>2-fold) in resistant cell lines compared with the respective parental cells ([Fig. 3A](#f3-ijo-53-03-1013){ref-type="fig"}). Among those, exosomal lncRNA-SNHG14 was markedly and most highly expressed in SKBR-3/Tr and BT474/Tr cells, while its expression was significantly lower in SKBR-3/Pr and BT474/Pr cells, suggesting that SNHG14 may be essential for the formation of trastuzumab resistance. An RT-qPCR experiment was subsequently performed to validate the upregulation of lncRNA-SNHG14. As presented in [Fig. 3B](#f3-ijo-53-03-1013){ref-type="fig"}, markedly elevated expression of exosomal SNHG14 was verified in the two trastuzumab-resistant cell lines compared with the respective parental cells. The top five exosomal lncRNAs whose expression was higher in the two trastuzumab-resistant cell lines compared with the parental cells are listed in [Tables I](#tI-ijo-53-03-1013){ref-type="table"} and [II](#tII-ijo-53-03-1013){ref-type="table"}. In addition, the present study also detected the intracellular (total) expression of lncRNA-SNHG14 in the two cell lines, and a similar expression pattern was observed in the intracellular fraction ([Fig. 3C](#f3-ijo-53-03-1013){ref-type="fig"}). Since lncRNA-SNHG14 was dysregulated at the intracellular and extracellular (exosome) level in trastuzumab-resistant cells compared with parental cells, lncRNA-SNHG14 was the focus of the following experiments.

Exosomal lncRNA-SNHG14 is required for trastuzumab resistance in breast cancer cells
------------------------------------------------------------------------------------

With the verification of the aberrant expression of exosomal lncRNA-SNHG14 in chemoresistant cell lines, the present study sought to determine whether lncRNA-SNHG14 is essential for trastuzumab resistance. A total of three siRNAs against lncRNA-SNHG14 were generated, and it was observed that lncRNA-SNHG14 expression was primarily decreased in exosomes derived from SKBR-3/Tr and BT474/Tr cells incubated with si-SNHG14 \#1 ([Fig. 4A](#f4-ijo-53-03-1013){ref-type="fig"}), which was used for the following experiments. Compared with the response of the control group, silencing lncRNA-SNHG14 resensitized breast cancer cells to treatment with trastuzumab ([Fig. 4B](#f4-ijo-53-03-1013){ref-type="fig"}). Furthermore, increased cleavage of PARP and caspase-3 was observed in SNHG14-knockdown resistant breast cancer cells following treatment with trastuzumab ([Fig. 4C](#f4-ijo-53-03-1013){ref-type="fig"}). Consistently, flow cytometry demonstrated that trastuzumab exposure resulted in an increased proportion of apoptotic cells among SNHG14-knockdown cells ([Fig. 4D](#f4-ijo-53-03-1013){ref-type="fig"}), indicating that SNHG14 promotes trastuzumab resistance by suppressing cellular apoptosis. In addition, knockdown of SNHG14 partially abrogated the obtained invasive ability of the two cell lines ([Fig. 4E](#f4-ijo-53-03-1013){ref-type="fig"}). Collectively, the results of the present study demonstrated that lncRNA-SNHG14 may be essential for trastuzumab resistance in breast cancer.

Exosome-mediated transfer of lncRNA-SNHG14 may result in trastuzumab chemoresistance
------------------------------------------------------------------------------------

To examine whether lncRNA-SNHG14 regulates trastuzumab resistance through the delivery of exosomes, it was demonstrated the SNHG14-containing exosomes may be taken up by recipient cells via a two-pronged approach. Firstly, the present study examined whether secreted exosomes may be taken up by recipient cells by labeling isolated exosomes with PKH26 dye from SKBR-3/Tr cells. The labeled exosomes were subsequently added and incubated with SKBR-3/Pr and BT474/Pr cells. As presented in [Fig. 5A](#f5-ijo-53-03-1013){ref-type="fig"}, the majority of the recipient cells exhibited a red signal under the confocal microscope. Secondly, the present study examined whether these exosomes were able to deliver lncRNA-SNHG14 to recipient cells, similar to the intercellular transfer of other non-coding RNAs, as previously reported ([@b26-ijo-53-03-1013],[@b27-ijo-53-03-1013]). As expected, RT-qPCR analysis demonstrated an increase in lncRNA-SNHG14 in the two recipient cell lines incubated with exosomes from SKBR-3/Tr cells ([Fig. 5B](#f5-ijo-53-03-1013){ref-type="fig"}). Thus, it was verified that lncRNA-SNHG14-containing exosomes may be taken up by recipient cells.

Subsequently, the present study sought to determine whether SKBR-3/Pr and BT474/Pr cells with an elevated exosomal SNHG14 level displayed increased resistance to trastuzumab compared with the response of control cells. As expected, the two recipient cell lines exhibited increased cell viability following treatment with exosomes compared with control cells ([Fig. 5C](#f5-ijo-53-03-1013){ref-type="fig"}). However, cell viability exhibited little difference when recipient cells were transfected with si-SNHG14 \#1 prior to exosomal treatment ([Fig. 5D](#f5-ijo-53-03-1013){ref-type="fig"}), suggesting that it was the exosomal SNHG14 that induced trastuzumab resistance.

Exosomal lncRNA-SNHG14 promotes trastuzumab resistance by activating Bcl-2/apoptosis regulator BAX (Bax) signaling
------------------------------------------------------------------------------------------------------------------

To determine how exosomal lncRNA-SNHG14 contributes to trastuzumab resistance, a Signal Transduction Reporter Array was used to simultaneously investigate the activity alterations of 50 canonical signaling pathways in SKBR-3/Pr upon treatment with exosomes derived from SKBR-3/Tr cells. Notably, Bcl-2/Bax signaling was identified to be one of the most significantly activated pathways following treatment with exosomes containing lncRNA-SNHG14 ([Fig. 6A](#f6-ijo-53-03-1013){ref-type="fig"}), suggesting that exosomal lncRNA-SNHG14 may promote trastuzumab resistance by regulating Bcl-2/Bax pathway-mediated cellular apoptosis. Western blotting demonstrated that exosomal treatment promoted Bcl-2 expression and inhibited Bax expression in SKBR-3/Pr; however, transfection with si-SNHG14 \#1 prior to exosomal treatment markedly reversed the effect of exosomal treatment, indicating that this apoptosis-inhibiting effect was induced by exosomal SNHG14 ([Fig. 6B](#f6-ijo-53-03-1013){ref-type="fig"}). Furthermore, TUNEL assay showed that exosome treatment inhibited cell apoptosis levels, but this effect was abrogated by subsequent treatment of Bcl-2 inhibitor venetoclax ([Fig. 6C](#f6-ijo-53-03-1013){ref-type="fig"}). Therefore, exosomal lncRNA-SNHG14 may induce trastuzumab resistance through inhibiting apoptotic proteins and cell apoptosis via Bcl-2/Bax pathway, however, this needs a further investigation to reveal specific regulating mode.

Serum exosomal SNHG14 levels are upregulated in trastuzumab-resistant patients
------------------------------------------------------------------------------

To determine the serum exosomal lncRNA-SNHG14 expression, exosomes were obtained from 72 serum samples from patients with advanced HER2^+^ breast cancer who received single-agent treatment with trastuzumab. Patients were divided into responding (CR + PR; 38 patients) and non-responding (SD + PD; 34 patients) groups, according to RECIST (version 1.1) ([@b18-ijo-53-03-1013]). It was observed that the serum exosomal SNHG14 expression level was increased in patients who did not respond to treatment with trastuzumab compared with those who experienced a response to trastuzumab ([Fig. 7A](#f7-ijo-53-03-1013){ref-type="fig"}). In addition, total SNHG14 was also upregulated in serum samples from non-responding patients when compared with responding patients ([Fig. 7B](#f7-ijo-53-03-1013){ref-type="fig"}), further confirming the upregulation of exosomal SNHG14. To further examine the potential of circulating exosomal lncRNAs as predictors for breast cancer, the present study evaluated the association between exosomal SNHG14 levels and clinical characteristics. As presented in [Table III](#tIII-ijo-53-03-1013){ref-type="table"}, increased expression of exosomal SNHG14 was markedly associated with distant metastasis, lymph node metastasis and cardiac toxicity (P\<0.01 for all). In addition, the ROC curve was used to evaluate the diagnostic value of exosomal lncRNA-SNHG14 in the serum. The ROC analysis demonstrated an AUC of 0.774, with a diagnostic sensitivity and specificity reaching 80.0% and 72.5% (95% confidence interval, 0.670-0.857) with the established cut-offs (3.09), respectively ([Fig. 7C](#f7-ijo-53-03-1013){ref-type="fig"}). Under this stratification criteria (3.09), the proportion of patients not responding to chemotherapy was significantly increased in the high exosomal SNHG14-expressing group compared with the low group ([Fig. 7D](#f7-ijo-53-03-1013){ref-type="fig"}). These results indicated that exosomal lncRNA-SNHG14 in serum may serve as a potential diagnostic biomarker for breast cancer.

In conclusion, lncRNA-SNHG14 promotes trastuzumab resistance by targeting Bcl-2/Bax signaling, inducing the suppression of apoptotic proteins expression and inhibition of cell apoptosis. Moreover, lncRNA-SNHG14 can be packaged into exosomes and secreted from trastuzumab-resistant breast cancer cells, transferring resistance to recipient-sensitive cells ([Fig. 8](#f8-ijo-53-03-1013){ref-type="fig"}).

Discussion
==========

Extensive efforts in the past have contributed to the understanding of molecular and cellular mechanisms of action of chemoresistance, one of the principal causes of the failure of treatment for advanced cancer types. However, little progress has been made in recent years ([@b28-ijo-53-03-1013]). Thus, novel molecular signatures appear to hold promise for tumor characterization and may be used as potential prognostic markers and treatment targets. To identify potential molecular therapeutic markers for treatment with trastuzumab, trastuzumab-resistant cell lines were established, and the functional association between trastuzumab resistance and specific exosomal lncRNAs was further investigated. The present data demonstrated that exosomal lncRNA-SNHG14 was upregulated in trastuzumab-resistant cells. Treatment with exosomes extracted from trastuzumab-resistant cells promoted trastuzumab resistance in parental cells.

It is known that patients with breast cancer who overexpress HER2 are associated with a poor prognosis ([@b29-ijo-53-03-1013]). HER2-targeted therapy for patients with HER2-positive breast cancer has markedly improved survival rates and reduced mortality in recent years ([@b30-ijo-53-03-1013]). HER2 gene amplification was first associated with worse clinical outcomes in the late 1980s by Pegram *et al* ([@b31-ijo-53-03-1013]); it was advised that HER2 overexpression may be an effective biomarker for early diagnostic monitoring and clinical prognosis. Additional studies in the USA further revealed that residents in Asian-Pacific regions had high occurrence rates of diagnosis with HER2-positive status, with a poorer prognosis in comparison with other regions ([@b32-ijo-53-03-1013]-[@b34-ijo-53-03-1013]). Trastuzumab has proven efficacy as first-line treatment of advanced HER2^+^ breast cancer. However, the initial benefit does not last long prior to the occurrence of conversion, resulting in acquired resistance ([@b35-ijo-53-03-1013]). Therefore, breakthroughs are required in the search for effective therapeutic targets to overcome acquired trastuzumab resistance, particularly for patients with HER2^+^ sites.

Exosomes are nano-sized vesicles secreted upon the fusion of vesicular-like entities with plasma membranes in a large number of cell types ([@b36-ijo-53-03-1013]). Emerging evidence has revealed the unique properties of exosomes, including their ability to embed specific microRNAs, circular RNAs or lncRNAs, their stability and easy detection in the circulatory system ([@b37-ijo-53-03-1013]). Exosomes have been identified to be a means of information exchange between different types of cells, through the transfer of constituents, including lncRNAs ([@b38-ijo-53-03-1013]), which are known to function as important activators or inhibitors to regulate gene expression, and to be involved in a variety of biological processes ([@b39-ijo-53-03-1013]).

In recent years, it has been accepted that lncRNAs may be protected by exosomes from degradation in the circulation and may be useful for monitoring cancer in the early stages ([@b40-ijo-53-03-1013],[@b41-ijo-53-03-1013]). Therefore, microarray analysis was performed to identify the dysregulated exosomal lncRNAs in trastuzumab-resistant cells compared with parental cells. By using a two-steps approach, exosomal lncRNA-SNHG14 was identified to have potential involvement in trastuzumab resistance. lncRNA-SNHG14, alternatively termed UBE3A-ATS, is located on chromosome 15q11.2. SNHG14 may overlap with the entire UBE3A gene and promoter, thus inhibiting the expression of UBE3A and causing neurogenetic disorders, including Angelman syndrome ([@b42-ijo-53-03-1013]). In cancer research, Liu *et al* ([@b43-ijo-53-03-1013]) reported that lncRNA-SNHG14 may act as a competing endogenous RNA to promote the migration and invasion of clear cell renal cell carcinoma by regulating neural Wiskott-Aldrich syndrome protein. For the other seven preliminarily identified lncRNAs, their roles are largely unknown in cancer progression. In one case, Zhang *et al* ([@b44-ijo-53-03-1013]) demonstrated that cat eye syndrome chromosome region, candidate 7 was significantly associated with overall survival in hepatocellular carcinoma; another study reported by Yue *et al* ([@b45-ijo-53-03-1013]) suggested that LOC285627 was highly expressed in ankylosing spondylitis and Vogt-Koyanagi-Harada disease.

To determine whether the ectopic expression of exosomal lncRNA-SNHG14 mediates trastuzumab resistance, gain and loss-function experiments were performed in the present study. As expected, it was observed that knockdown of lncRNA-SNHG14 in trastuzumab-resistant cells promoted cellular apoptosis, while treatment with exosomes extracted from the culture medium of resistant cells markedly reduced trastuzumab-induced cell death. Furthermore, it was demonstrated that exosomal lncRNA-SNHG14 induced trastuzumab resistance by targeting the Bcl-2/Bax apoptosis signaling pathway. These results suggested that exosomal lncRNA-SNHG14 may promote trastuzumab resistance in breast cancer cells primarily by regulating apoptosis-associated proteins. Based on the functional observations, the exosomal SNHG14 level in clinical serum samples was subsequently determined. A number of attempts have been made to use lncRNAs in serum or plasma as useful predictors in breast cancer ([@b46-ijo-53-03-1013],[@b47-ijo-53-03-1013]). However, these potential tumor biomarkers are frequently in relatively low abundance and degradation occurs easily. lncRNAs are enriched and more stable in the circulatory exosome system and are protected from RNase degradation. The identification of exosomal lncRNAs in bodily fluids suggested their predictive application in clinical diagnosis or prognosis for different types of cancer ([@b48-ijo-53-03-1013]). Emerging evidence has uncovered the unique properties of exosomes, including their ability to embed specific lncRNAs, their stability and their easy detection in the circulatory system ([@b49-ijo-53-03-1013],[@b50-ijo-53-03-1013]). As expected, the present data clearly demonstrated that the exosomal lncRNA-SNHG14 level was upregulated in trastuzumab-resistant patients, and was associated with the trastuzumab response. Notably, exosomal SNHG14 was correlated with cardiac toxicity. Cardiac toxicity is an important side effect of treatment with trastuzumab; the upregulation of SNHG14 in patients with resistance to trastuzumab accompanied by cardiac toxicity suggested that SNHG14 may be involved in trastuzumab resistance and cardiac toxicity, and furthermore, that cardiac toxicity may contribute to trastuzumab resistance. However, this requires further investigation.

There are a number of limitations to the present study. First, the functional roles of the seven preliminarily identified lncRNAs by microarray screening were not deeply investigated. In the future, the present study may be extended to identify their functions during cancer progression and chemo-resistance. Second, a deeper understanding of the regulatory roles of exosomal SNHG14 in Bcl-2/Bax pathway and trastuzumab resistance is required. Trastuzumab resistance has been widely studied and various pathways have been indicated to be involved ([@b51-ijo-53-03-1013]); however, whether these pathways are associated with each other and co-regulated remains unknown. Third, a trastuzumab-resistant xenograft model in nude mice was not produced to validate the data obtained from the *in vitro* studies. This is in development at present and the present results may be tested in a trastuzumab-resistant model in the future, increasing the validity of these data.

In conclusion, the present findings suggested that the exosome-mediated transfer of lncRNA-SNHG14 induces trastuzumab resistance in breast cancer cells, and exosomal lncRNA-SNHG14 in human serum may be considered to be a potential diagnostic biomarker for breast cancer, enhancing the clinical benefits of trastuzumab therapy.
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![Establishment and characterization of trastuzumab-resistant cells. (A) Trastuzumab-resistant cell lines, SKBR-3/Tr and BT474/Tr, presented with specific morphological alterations compared with parental cells (×20 magnification). The arrows indicate the specific alterations, including loss of cell polarity, and increased intercellular separation and formation of pseudopodia. (B) Western blot analysis of epithelial-mesenchymal transition-associated protein expression in trastuzumab-resistant cells compared with parental cells. (C) The cell viability of trastuzumab-resistant and -sensitive cells was detected during treatment with trastuzumab. (D) The half-maximal inhibitory concentration value of trastuzumab was detected for sensitive and resistant cells by cell viability assay. (E) Cell invasion ability was detected by Matrigel Transwell assay for trastuzumab-resistant and -sensitive cells (×20 magnification). ^\*^P\<0.05; ^\*\*^P\<0.01.](IJO-53-03-1013-g00){#f1-ijo-53-03-1013}

![Characterization of exosomes released from trastuzumab-resistant and -sensitive SKBR-3 cells. (A) Transmission electron microscopy images of the exosomes released by SKBR-3/Pr and SKBR-3/Tr cells. (B) Nanoparticle tracking analysis on an LM10 Nanosight unit demonstrating a mean size of 100 nm for SKBR-3/Tr and 120 nm for SKBR-3/Pr exosomes. The size distribution and relative concentration were calculated using the Nano-sight software. (C) Exosomal protein marker (CD63 and CD81) detection by western blotting from purified exosomes and cell extracts. (D) Flow cytometric analysis of the MFI for a panel of exosomal markers: CD9, CD63, CD81 and Alix. Data are presented as the median ± interquartile range of triplicate experiments. MFI, mean fluorescence intensity; CD, cluster of differentiation; Alix, programmed cell death 6-interacting protein.](IJO-53-03-1013-g01){#f2-ijo-53-03-1013}

![Exosomal lncRNA-SNHG14 is upregulated in trastuzumab-resistant breast cancer cells. (A) The heat map presents the significantly increased and decreased exosomal lncRNAs in SKBR-3/Tr and BT474/Tr cells when compared with their respective parental cells, as analyzed by Agilent human lncRNA microarray. (B) Extracellular (exosomal) lncRNA-SNHG14 was detected in the respective cells by RT-qPCR. (C) Intracellular (total) lncRNA-SNHG14 was detected in the respective cells by RT-qPCR. ^\*^P\<0.05; ^\*\*^P\<0.01. lncRNA, long non-coding RNA; SNGH14, small nucleolar RNA host gene 14; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.](IJO-53-03-1013-g02){#f3-ijo-53-03-1013}

![Knockdown of long non-coding RNA-SNHG14 in exosomes partially reverses trastuzumab resistance. (A) The silencing efficacy was evaluated via transfection of three siRNAs targeting SNHG14. (B) Knockdown of exosomal SNHG14 increased the proportion of cell death induced by treatment with trastuzumab in the two trastuzumab-resistant cell lines. (C) Western blotting was used to evaluate the effect of SNHG14-knockdown on c-PARP and caspase-3. (D) Flow cytometry assay of cellular apoptosis caused by knockdown of SNHG14. (E) si-SNHG14 \#1 abrogated the improved invasive ability due to trastuzumab in the two cell lines (×20 magnification). ^\*^P\<0.05; ^\*\*^P\<0.01; ^\*\*\*^P\<0.001 vs. respective si-NC group. si, small interfering; SNGH14, small nucleolar RNA host gene 14, c, cleaved; NC, negative control; PARP, poly(ADP-ribose) polymerase.](IJO-53-03-1013-g03){#f4-ijo-53-03-1013}

![Exosome-mediated transfer of SNHG14 induces trastuzumab resistance. (A) Intercellular trafficking of exosomes among the different cell lines, as analyzed via isolated exosomes labeled with PKH26 dye. Images are presented at ×40 magnification. (B) Reverse transcription-quantitative polymerase chain reaction assay for the detection of exosomal SNHG14 in cells treated with extracted exosome, or the PBS control, for 48 h. (C) The Cell Counting Kit-8 assay was used for the detection of cell viability in the two cell lines following treatment with extracted exosomes or PBS control for 48 h. (D) Cell viability exhibited little difference when recipient cells were transfected with si-SNHG14 \#1 prior to exosomal treatment. ^\*\*^P\<0.01 vs. respective PBS control. si, small interfering; SNGH14, small nucleolar RNA host gene 14; lncRNA, long non-coding RNA; NC, negative control.](IJO-53-03-1013-g04){#f5-ijo-53-03-1013}

![Exosomal long non-coding RNA-SNHG14 promotes trastuzumab resistance by activating Bcl-2/Bax signaling. (A) The histogram illustrates the fold changes in the activities of different signaling pathways, as indicated by reporter activity. (B) Western blotting illustrated that knockdown of SNHG14 prior to exosomal treatment markedly reversed the effect of exosomal treatment on the Bcl-2/Bax pathway. (C) The TUNEL assay demonstrated that exosomal treatment inhibited cellular apoptosis levels, although this effect was abrogated following treatment with the Bcl-2 inhibitor venetoclax (images are presented at ×20 magnification). Bcl-2, apoptosis regulator Bcl-2; Bax, apoptosis regulator BAX; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labelling; si, small interfering; SNGH14, small nucleolar RNA host gene 14.](IJO-53-03-1013-g05){#f6-ijo-53-03-1013}

![Serum exosomal SNHG14 levels are upregulated in trastuzumab-resistant patients. (A and B) Reverse transcription-quantitative polymerase chain reaction analysis of serum exosomal lncRNA-SNHG14 (A) and serum total lncRNA-SNHG14 (B) in patients responding or not responding to treatment with trastuzumab. (C) Receiver operating characteristic curve (ROC) analysis of the diagnostic value of exosomal SNHG14 in breast cancer patients receiving treatment with trastuzumab. (D) The proportion of patients that exhibited resistance to trastuzumab therapy was significantly increased in the high exosomal SNHG14-expressing group compared with the low expression group. SNGH14, small nucleolar RNA host gene 14; lncRNA, long non-coding RNA; AUC, area under the curve.](IJO-53-03-1013-g06){#f7-ijo-53-03-1013}

![Schematic diagram of exosomal lncRNA-SNHG14 in breast cancer trastuzumab resistance. In trastuzumab-resistant breast cancer cells, lncRNA-SNHG14 promotes trastuzumab resistance by targeting Bcl-2/Bax signaling, inducing the suppression of apoptotic proteins expression and inhibition of cell apoptosis. Moreover, lncRNA-SNHG14 can be packaged into exosomes and secreted from trastuzumab-resistant breast cancer cells, transferring resistance to recipient-sensitive cells. SNGH14, small nucleolar RNA host gene 14; lncRNA, long non-coding RNA; Bcl-2, apoptosis regulator Bcl-2; Bax, apoptosis regulator BAX; HER-2, human epidermal growth factor receptor 2; Casp 3, caspase-3; c-PARP, cleaved poly(ADP-ribose) polymerase.](IJO-53-03-1013-g07){#f8-ijo-53-03-1013}

###### 

Top 5 exosomal lncRNAs in SKBR-3/Tr cells compared with SKBR-3/Pr cells.

  Sampleno.   lncRNA         Fold-change   Standard deviation   Location
  ----------- -------------- ------------- -------------------- ----------
  1           CECR7          11.36         1.08                 22q11.1
  2           SNHG14         10.18         2.34                 15q11.2
  3           ANKRD18DP      8.34          0.75                 3q29
  4           LOC100507351   6.16          3.29                 17q25.3
  5           LOC728743      4.94          1.23                 7q36.1

lncRNA, long non-coding RNA; Tr, trastuzumab-resistant; Pr, parental; CECR7, cat eye syndrome chromosome region, candidate 7; SNHG14, small nucleolar RNA host gene 14; ankyrin repeat domain 18D, pseudogene.

###### 

Top 5 exosomal lncRNAs in BT474/Tr cells as compared to BT474/Pr cells.

  Sample no.   lncRNA         Fold-change   Standard deviation   Location
  ------------ -------------- ------------- -------------------- ----------
  1            SNHG14         13.65         1.85                 15q11.2
  2            KIRREL3-AS3    9.37          1.23                 11q24.2
  3            LOC100507351   7.41          0.96                 17q25.3
  4            LINC00087      5.81          1.17                 Xq26.3
  5            LOC285627      4.49          0.86                 5q33.3

lncRNA, long non-coding RNA; Tr, trastuzumab-resistant; Pr, parental; SNHG14, small nucleolar RNA host gene 14; KIRREL3-AS3, KIRREL3 antisense RNA 3; LINC00087; small integral membrane protein 10 like 2B.

###### 

Clinical characteristics of 72 human epidermal growth factor receptor-positive patients and the expression of serum exosomal SNHG14.

  Factors                      No. of cases   Serum exosomal lncRNA SNHG14 (2^−∆∆Cq^; median ± interquartile range)   P-value
  ---------------------------- -------------- ----------------------------------------------------------------------- ---------
  Age, years                                                                                                          0.887
   \<50                        43             4.32 (1.24--7.55)                                                       
   ≥50                         29             4.57 (1.45--7.50)                                                       
  Tumor size                                                                                                          0.026
   \<6 cm                      31             3.75 (1.24--6.66)                                                       
   ≥6 cm                       41             4.64 (1.66--8.17)                                                       
  Weight loss                                                                                                         0.154
   \<3 kg                      42             3.98 (2.07--6.66)                                                       
   ≥3 kg                       30             4.15 (1.69--8.65)                                                       
  Histological grade                                                                                                  0.037
   Well differentiated         16             3.77 (2.12--6.36)                                                       
   Moderately differentiated   38             4.06 (2.07--7.45)                                                       
   Poorly differentiated       18             4.37 (2.78--8.65)                                                       
  Lymph node metastasis                                                                                               0.002
   No                          16             3.36 (0.29--7.38)                                                       
   Yes                         56             4.37 (2.07--8.65)                                                       
  Distant metastasis                                                                                                  0.000
   No                          40             3.77 (1.55--7.46)                                                       
   Yes                         32             4.88 (1.69--8.65)                                                       
  Cardiac toxicity                                                                                                    0.006
   Yes                         25             4.82 (1.08--7.94)                                                       
   No                          47             3.95 (1.37--6.78)                                                       

lncRNA, long non-coding RNA; SNHG14, small nucleolar RNAhost gene 14.
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